Α brief review of ballistic electron emission microscopy and spectroscopy applications is presented. Results of our ballistic electron emission spectroscopy measurements on cleaved n-GaAs are given. The threshold in ballistic current-voltage characteristic is observed at bias 1.93 V which is high above the expected threshold. Explanation of this effect is given in the frame of present theoretical resułts.
Introduction
The first description of ballistic electron emission microscopy (BEEM) methods was published by [1] . BEEM method is based on scanning tunneling microscopy (STM) measurement where the studied surface of semiconductor sample is covered with very thin layer of metal. Measurements are taken with constant tunneling current Ιt between scanning tip and metal layer. Some tunneling electrons can cross ballistically the metal layer and the net ballistic current Ιc in the range of pA is collected in the back contact of the semiconductor.
The current Ic is imaged simultaneously with topography of the sample during scanning of the tip at constant bias V between the tip and sample. In spectroscopic measurements (BEES) the ballistic current-voltage (Ic -V) characteristics are measured at individual points of the sample, where V is the bias between tip and metal layer. Because metal layer forms a Schottky barrier Φb with the semiconductor the Ic begins to increase significantly when ballistic electrons can flow over the Schottky barrier. It occurs at bias V> Vth = Φb/e where Vth is threshold bias. Near Vth the Ic = T(V -Vth)", where Τ is transmission scaling factor and α is a value between 1 and 9/2. When fitting Vth and Τ to experimental Ic -V, the Φb can be determined. The value of α which gives the best fitting to experimental data depends on the validity of many assumptions for tunneling current distribution, transport through the metal film, transmission across the interface, and transport in the semiconductor. Usually only low cone of ballistic electrons can enter the semiconductor because of the conservation of transverse momentum (365) law and the lateral resolution of SEEM method can be as high as 1-2 nm. The detailed review on this subject could be found in [2] . But transport of electrons in ΒEEΜ is still under question [3] [4] [5] .
The brief review of BEEM/BEES applications
The most common application of BEEM/BEES is connected with the study and measurement of the Schottky barrier height on such semiconductors as Si, GaAs, GaP, CdTe, ZnSe. Usually n-type semiconductors are studied but study on p-type is possible as well [6, 7] . Schottky barrier height can be deterinined with nanometer special resolution [8] and with precision as high as 0.02 eV [9] . Influence of different methods of preparation of Schottky barriers can be studied (nearly ideal barriers prepared in situ in UHV [10] , barriers with thin native oxide between metal and semiconductor [11] , barriers prepared on RF plasma cleaned semiconductor surface [12] on reactive ion etched surface [13] and on mechanically polished surface [14] ). Influence of semiconductor surface orientation is investigated [15] [16] [17] [18] . Epitaxially grown Schottky barriers are very frequently studied because of their very ordered interface (PtSi/Si [19] , NiSi/Si [20] [21] [22] , CoSi2/Si [15] [16] [17] [18] [23] [24] [25] , CoGa/GaAs [26] ). Schottky barrier homogeneity iS one of the most important studied problems [11, 27, 28] , because of future nanometer dimension devices fabrication. BEES measurements on Schottky barriers give information about the band structure at the subsurface interface [29] and also energy of tne higher laying minima in the band structure can be determined [26, 30, 31] . The density of state effects in the semiconductor can be observed [31] . The reverse BEES spectra can be studied [22] . ΒEEΜ images, usually correlated with topography give important information about structural defects at the interfaces of Schottky barriers [20, 21, [32] [33] [34] . The interfacial dislocation can be observed in ΒEEΜ pictures [23, 24] and microclusters of different phases [35] . The Schottky barrier height can be correlated with defects and with topography of metal surface [32] [33] [34] . Direct imaging with nanometer scale of the Schottky barrier height is possible [28] . On epitaxially grown Schottky barriers the periodic surface structure can be imaged with atomic resolution by BEEM [17, 18] and the study of this effect give useful information about tunneling process on an atomic scale [36] .
BEEM and BEES give important information about transport properties, about elastic and inelastic scattering [37] , conservation of transverse momentum [38] , and spacial resolution in the sample. Quantitative agreement of measured results with calculated ones is possible [39] .
Reverse biased Shottky barriers can be studied [40] . For many applications the low temperature measurements are necessary [7, 23, 41, 42] using modulation spectroscopy [25, 43] . Very useful is also ΒEEΜ measurement at constant height mode [44] .
ΒEEΜ and BEES are applicable for study of more complicated structures than Schottky barriers. On InAs/GaAs there was studied lateral resolution of band offsets and influence of misfit dislocations on band offsets homogeneity [45] . Band offsets were also studied on Al xGa1-xAs/GaAs [46] and GaInP/GaAs [47] . The height of the buried AlAs barrier was studied on strained and relaxed In 0.35 Ga0.65 As/AlAs heterojunction [48] . In double barrier resonant tunneling hetSome Applcations ... 367 erostructures the quasi-bound states in the well can be detected [49, 50] . The Pt-SiO 2 -Si structures can be studied [51] and the trapped charge in SiO2 can be detected with high sensitivity [52] . It was found that density of states in the gap of CaF2 influence electron transport through the interlayers of Au-CaF2-Si structure and can be detected by BEES [53] .
The GaΑs/AlxGa1-x Αs quantum wires were detected by BEEM on laterally structured sample [54, 55] as well as buried lateral period AlAs/GaAs superlattice [56] .
As the last application, we mention the possible permanent modification of local ballistic transmittance of metal/semiconductor interfaces in BEEM at higher voltages which allows to store and reread information [57] [58] [59] [60] .
BEES measurement on (110) cleaved n-GaAs
Although many publications deal with BEEM/BEES study on differently oriented samples there was no study by BEEM/BEES of (110) cleaved GaAs.
We study n-GaAs samples grown in (100) direction with concentration of donors 2x 10 18 cm-3 . The slide of this material was cleaved along the (110) plane at UHV condition and 10 nm Au layer was evaporated in situ on cleaved surface. The sample was then removed from UHV and installed to STM. The back contact was made by silver paste and the contact to Au layer was made by fine Ag wire spring. The sketch of BEEM experimental configuration is shown in Fig. 1 We observed at all studied samples the thresholds above the threshold attributes to expected Schottky barrier height or two groups of thresholds from which one is below and one above the expected Schottky barrier height [61] . On the base of later experiments we find definitely that this effect is not the effect of the tip contamination as we suppose in [61] . We observe that the effect depends on the number and height of the steps at the cleaved surface. The details of this study will be published later elsewhere. Here we present results obtained on very smooth cleaved surface with step observed in studied region.
Typical Ic/I t-V characteristic of such sample is shown in Fig. 2 . The tunneling current Ιt was held constant and it was 10 nA. The characteristics show threshold about 1.93 V. The distribution of values of measured thresholds is shown in Fig. 3 . The maximum of distribution is high above the expected value. Usually measured Schottky barrier height on Au-nGaAs is about 0.9 eV and for our highly doped material it is expected that the Schottky barrier height is lowered by effect of tunneling and by image force effect. Therefore we conclude that there is no observable transport of electrons to the conduction band minimum Γ of GaAs in our samples. The observed threshold cannot be connected with transport to higher laying L and X bulk conduction band minima which are 0.29 and 0.46 above the Γ conduction band minima of GaAs [26, 62] . If we examine the projected bulk band structure of GaAs at (110) direction [63] we find that there exists the very weak minimum near X point of the surface Brillouin zone. This minimum is about 1.35 eV above Γ conduction band minimum of GaAs. If we subtract this value from the measured threshold 1.93 V we obtain the value 0.58 eV. It is in good agreement with expected value of the Schottky barrier height for n-GaAs with concentration of donors about twice as higher (4 x 10 18 cm -3 ) as was measured for our material (2 x 10 18 cm -3 ). This discrepancy is probably caused by the creation of defects during cleaving, even the surface looks quite perfect.
The open question is why ballistic electron transport to Γ, X and L minima is practically excluded. One possible explanation is that the minimum in projected bulk band structure near X point of the surface Brillouin zone [63] is connected with very high effective mass of electrons and this is the reason why acceptance angle for ballistic electrons is much higher for these minima than for the other minima [29] . The other explanation is that electrons during transport through the Au layer can be focused along specific directions [3] and that some of this directions coincide with the position of minima 1.35 eV above Γ minima in the projected bulk band structure of GaAs in (110) direction. Most probably both effects mentioned above contribute to the preferential transport of electrons to weak minima 1.35 eV above the Γ minima.
Conclusion
Although many works in BEEM/BEES concern the study of transport of electrons, the problem is still open and new results can be expected. Our experimental results on Au-nGaAs (110) cleaved sample fully support this fact. The further BEEM/BEES experimental and theoretical works will be useful mainly on Schottky barriers on samples with different orientation and with different thickness of the metal layer.
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